Abstract Patients with deficiency in the interferon gamma receptor (IFN-γR) are unable to respond properly to IFN-γ and develop severe infections with nontuberculous mycobacteria
Introduction
Type I (IFN-α/β) and type II interferons (IFN-γ) are important immunomodulatory cytokines classically associated with protection against viruses and intracellular pathogens, respectively. In patients with defects in IFN-γ signaling, M. tuberculosis (MTB), environmental nontuberculous mycobacteria (NTM), Bacillus Calmette-Guérin (BCG), dimorphic yeasts and Salmonella spp can cause infections which are typically extensive and can be fatal [1, 2] .
Although the signaling pathways and the immunological functions of type I and type II interferons are thought to be somewhat distinct, they overlap through the common use of Janus kinase (JAK) 2 and Signal Transducer and Activator of Transcription (STAT) 1. Binding of IFN-γ to its specific receptors (IFN-γR1 and IFN-γR2) activates JAK1 and JAK2, leading to the phosphorylation of STAT1, the formation of active STAT1 homodimers, and the induction of IFN-γ target genes. Similarly, IFN-α/β bind to their shared receptors (IFNAR1 and IFNAR2) leading to activation of JAK1 and tyrosine kinase (Tyk) 2, the phosphorylation of STAT1 and STAT2, and the formation of STAT1 homodimers and STAT1/STAT2 heterodimers which activate both common IFN-γ and IFN-α target genes, respectively [3] . Interferon regulatory factor (IRF) 1 is important in regulating immune responses and is commonly induced by Type I and II interferons. The chemokines CXCL9 (monokine induced by interferon-gamma or MIG), CXCL10 (interferon-inducible protein-10, IP-10) and CXCL11 (interferon-inducible T cell alpha-chemoattractant, I-TAC) are structurally and functionally related molecules. CXCL10 and CXCL11 are induced by IFN-α/β as well as IFN-γ, whereas CXCL9 induction is mostly restricted to IFN-γ [4] . These chemokines are best known for their roles in leukocyte trafficking, mainly on activated CD4+ Th1 cells, CD8+ T cells and NK cells. The enzyme indoleamine 2,3-dioxygenase (IDO) catabolizes the essential amino acid tryptophan and is induced by interferons. It plays a role in inhibiting replication of pathogens and also has immunoregulatory functions [5, 6] .
IFN-γ is approved for prophylaxis in chronic granulomatous disease (CGD), osteopetrosis [7, 8] , and has been used in patients with refractory mycobacterial diseases [1] . IFN-α is approved for viral infections such as hepatitis [9] , cystic hygroma [10] and chronic myelogenous leukemia [11] . IFNs modulate the production of inflammatory cytokines, such as TNF-α, which has antimicrobial properties. The importance of this pathway is evidenced by anti-TNF therapies, which increase susceptibility to mycobacterial infections, such as MTB, M. abscessus, M. avium, M. leprae and intracellular fungi [12] [13] [14] [15] [16] . The IFN pathway also impacts on the IL-1 response [17, 18] , and mice deficient in IL-1 succumb to MTB infection [19, 20] .
We describe four patients with mutations in the IFN-γ receptor whose disseminated mycobacterial infections were refractory to best available therapy. Adjunctive treatment with IFN-α was associated with variable clinical responses, some of which were extremely beneficial. Moreover, none had major toxicities or increased mycobacterial burdens while on IFN-α. Gene expression in vitro and ex vivo showed activation of both typical IFN-α and IFN-γ inducible genes in response to IFN-α, as well as the sustained production of mycobacterium-induced TNF-α and IL-1β in vitro. IFN-α may be able to overcome some aspects of impaired IFN-γ signaling and to confer clinical benefits to a selected group of patients.
Material and Methods

Subjects
All patients (Table I) were followed and treated at the National Institutes of Health, NIH. Patients or their guardians provided informed consent on approved protocols of the National Institutes of Health. Whole blood was obtained from patients before and after IFN-α administration. Blood from healthy volunteers and elutriated monocytes were obtained under appropriate protocols through the Department of Transfusion Medicine, NIH. Alveolar macrophages (AM) were isolated from bronchoalveolar lavage fluid obtained from normal donors on NIAID IRB approved protocols.
Cell Culture and Stimulation
Peripheral blood mononuclear cells (PBMCs) obtained from whole blood by gradient density centrifugation (BioWhittaker, Walkersville, MD) and elutriated monocytes were plated (3×10 6 cells/well) in RPMI 1640 with 5 % human AB serum, (Gibco BRL), 2 mML-glutamine, penicillin 100U/ml, 100 μg/ml streptomycin, at 37°C. For monocyte differentiation, cells were kept in culture for 6-7 days, and allowed to differentiate into monocyte-derived macrophages (MDM). For AM, bronchoalveolar lavage (BAL) fluid was immediately cooled (4°C) and filtered through a cell strainer to remove particulate debris before centrifugation. Cells were counted and plated for stimulation as above. PBMC were either left unstimulated or stimulated with human IFN-γ 400 IU/ml (R&D System, Minneapolis, MN) or IFN-α2b 1,000 IU/ml (PBL Biomedical Laboratories, Piscataway, NJ). MDM and AM cultured in supplemented media without antibiotics were stimulated with live mycobacteria (M. 
Cytokine Determination
Culture supernatants were further analyzed for cytokine levels using a custom bead based cytokine assay for IL-1β, TNF-α and of the chemokine CXCL10/IP-10 (Bio-Plex assay, BioRad, Hercules, CA), processed according to the manufacturer's specifications.
Real Time PCR
Total RNA was extracted from isolated cells with the RNeasy mini kit (QIAGEN). For RT-PCR, 1 μg of total RNA was reverse transcribed (Invitrogen) and the resulting cDNA amplified by PCR using the ABI 7500 Sequencer and Taqman expression assays (Applied Biosystems). GAPDH was used as a control for normalization. Data were analyzed using the 2 −ΔΔCT method and results expressed as mean fold induction.
Statistical Analysis
Results are presented as mean ± standard deviation (SD). Statistical comparisons were made using Student's t-test (GraphPad Prism Software, San Diego, CA). The statistical significance level adopted was p<0.05. 1 year with disseminated Mycobacterium avium complex (MAC) involving bone, bone marrow, lung, lymph nodes and liver. While on antimycobacterial therapy, she had recurrent lymphadenopathy and osteomyelitis growing MAC, M. kansasii and M. fortuitum. At age 17, persistent pulmonary and mediastinal MAC (Fig. 1a) led to referral to the NIH and IFN-α2b, 3 million units three times weekly subcutaneously, was added. After 3 months on IFN-α, chest CT showed marked reduction of pulmonary disease, she reported increased energy, her temperature normalized, and after 1 year her lesions had resolved completely (Fig. 1b) . Two years later b a she presented with abdominal pain and increased retroperitoneal lymphadenopathy due to M. abscessus. IFN-α was stopped and antimycobacterial regimen included carbapenems and tigecycline resulting in clinical improvement. Patient 2 was a 19-year-old Pakistani male living in Norway whose cells had absent IFN-γR1 surface expression and lack of responsiveness to IFN-γ in vitro. He had homozygous IFNGR1 22delC leading to a frameshift and premature stop codon. He first presented to NIH at 4 years with a history of disseminated MAC [21] . At 13 years new submandibular and axillary lymphadenopathy grew M. abscessus, which was persistent and disseminated despite antimycobacterial therapy. After 2 years, with failure to thrive, weight loss and lymphadenopathy, linenezolid was changed to tigecycline and IFN-α2b (3 million units three times weekly subcutaneously) was added. At age 18 he was re-admitted with increasing hepatomegaly and deteriorating liver function tests. Meropenem was introduced and short acting changed to pegylated IFN-α. Blood cultures on pegylated IFN were reduced to <1 colony/mlM. abscessus. Three months later, new liver and lung lesions proved to be B-cell lymphoma; biopsies showed no mycobacteria. He died due to disseminated B-cell lymphoma at 20 years. No autopsy was performed.
Patient 3 is a 7-year-old Chilean male who received BCG immunization at birth. At age 2 months he presented with hydrocephalus and cerebral lesions that grew M. bovis BCG with involvement of bone, lung and lymph nodes. At 2 years while on antimycobacterial therapy, partial IFN-γR1 deficiency due to homozygous I87T [22] was diagnosed. Two months of IFN-γ 150 μg/m 2 subcutaneously daily led to worsening hydrocephalus and fever. He was referred to the NIH at 3 years with severe failure to thrive, persistent hydrocephalus, intracerebral lesions (Fig. 2a.1 ), a draining head wound at the site of brain biopsy (Fig. 2a.2) and a large right pleural mass (Fig. 2b) . The pleural mass biopsy grew multidrug resistant M. bovis. IFN-γ was re-started (150 μg/m 2 subcutaneously) three times weekly. His antimycobacterial regimen was extended to levofloxacin, linezolid, clofazimine, azithromycin and capreomycin. After 3 months, he remained ill and IFN-α2b, 0.1 million units subcutaneously three times weekly, was alternated with IFN-γ. On this regimen, he started gaining weight, his head wound healed (Fig. 2a.3 , after 8 months on IFN-α therapy; Fig. 2a.4 , after 21 months), his pleural mass decreased (Fig. 2c) and laboratory parameters slowly improved. He is now well without serious hospitalizations for over 3 years. His therapy has been reduced to azithromycin and IFN-γ alone.
Patient 4 is a 52-year-old Caucasian female with recurrent lymphadenopathy, rashes and hospitalizations since childhood. She has been treated with prolonged antibiotics and intermittent corticosteroids. In her 20s M. fortuitum was isolated from a lymph node. She was diagnosed with partially responsive IFNGR1 818del4 [23] after her son had osteomyelitis secondary to MAC and was found to have IFNGR1 818del4. Another son had died of disseminated MAC infection. At 50 years she presented with cervical and supraclavicular lymphadenopathy and her maxillary sinuses growing M. avium-X cluster. Therapy included doxycycline, clarithromycin, trimethoprim/sulfamethoxazole, rifampin and IFN-γ 100 μg/m 2 subcutaneously three times weekly. At 52 years new skin lesions and a hard palate fistula arose. In view of persistent and progressive disease, IFN-α2b 3 million units subcutaneously was added three times weekly alternated with IFN-γ. Her lymphadenopathy and skin infiltration improved and her fistula closed. Since that time she has had no new infections. She continues on both interferons and oral antibiotics.
Analysis of Gene Expression in Primary Human Cells in Vitro
Cells from patients with partial or complete IFN-γR deficiency showed reduced or absent responses to stimulation with IFN-γ. Expression of CXCL9 and CXCL10 was strikingly diminished in patients 1, 2, 3, and 4 compared to controls. Induction of IRF1 in response to IFN-γ was about half normal (Fig. 3a) . On the other hand, stimulation of the same cells with IFN-α raised the expression of CXCL10 (except patient 4), CXCL9 and IRF1 to levels close to normal (Fig. 3a) . Induction of the more IFN-α specific target genes, MX1 and ISG15, was normal to high in patients' cells (Fig. 3b) . CXCL10 protein levels in stimulated culture supernatants correlated with message (Fig. 3c) .
Ex Vivo Analysis of Gene Expression in patients' Cells Following IFN-α Treatment
Ex vivo mRNA expression was assayed in PBMCs from patients 1, 2 and 4 during treatment with IFN-α, looking at expression of ISG15, CXCL9, CXCL10, CXCL11 and IDO before and 1 day after injection. As expected, transcription of the typical IFN-α regulated gene ISG15 was enhanced after IFN-α injection (Fig. 4) . Induction of CXCL9 and CXCL10, which are typically impaired in response to IFN-γ in patients with defective IFN-γ signalling, and of CXCL11 and IDO, genes modulated by both IFN-γ and IFN-α, were robustly up-regulated in patients' PBMCs 18-20 h following IFN-α injection (Fig. 4) .
Mycobacteria Induced Cytokine Response in Vitro is Sustained by IFN-α
Evaluation of the effect of IFN-α on in vitro cytokine production was assayed in MDM obtained from healthy donors and patients following incubation with mycobacteria. M. avium-induced TNF-α and IL-1β secretion were modestly to markedly enhanced following stimulation with IFN-α (Fig. 5a ). Similar responses were observed when cells were stimulated with M. abscessus (not shown). In comparison to normals and to the findings on protein expression, Patient 1 cells showed robust induction of IL-1β message in response to mycobacteria, which was not much altered by IFN-α (Fig. 5b) . A similar effect of IFN-α on M. avium induced responses was also detected in alveolar macrophages (Fig. 5c) , suggesting that the modulatory action of IFN treatment may be active in the lung tissue environment. Macrophage differentiation is known to be modulated by many factors, such as GM-CSF/CSF2, and M-CSF/CSF1, which lead to specific response profiles, cell morphologies and phenotypes (M1 and M2 macrophages, respectively) [24, 25] . The induction of CSF2 in MDM cultures (but not CSF1, not shown) triggered by the mycobacteria (M. avium, 342±98.1 fold induction) was remarkable and sustained by IFN-α (M. avium + IFN-α, 756±208).
Discussion
We hypothesized that IFN-α could bypass defective IFN-γ signalling, since both use STAT1 and induce phospho-STAT1 homodimers. Further, low dose IFN-γ followed by IFN-α has been demonstrated to lead to STAT1 dependent up-regulation of typical IFN-γ inducible genes, shifting the IFN-α response to a more pro-inflammatory phenotype [26, 27] .
IFN-α therapy seemed to be useful in our patients with IFN-γ signaling defects who had resistant intracellular infections. These four IFN-γR deficient patients suffered from extensive refractory disseminated mycobacterial infections due to compromised IFN-γ response. Although the extent of the clinical effect of IFN-α varied between patients, all showed some degree of clinical response with either improvement or stabilization. Importantly, in no case did IFN-α therapy exacerbate disease.
Signaling through both the IFN-γ and the IFN-α receptors is both specific and promiscuous. In addition to the canonical STATs (STAT1, STAT2), others are activated following the same signals (STAT3, STAT4) [1, 28] . The activation of STAT1 dependent genes is reinforced here since ex vivo mRNA expression after IFN-α injection in patients 1, 2, and 4 clearly showed the induction of both common IFN genes and more classical IFN-γ specific genes, supporting the hypothesis that IFN-α activation, at least at pharmacologic doses and adminstrations, overlaps molecularly to some extent with IFN-γ activation. In vitro expression of IFN-γ and IFN-α induced genes observed in these patients followed IFN-α stimulation were similar to or higher than those levels induced in normals. It remains unclear to what extent IFN-α can replace IFN-γ in the setting of IFN-γR deficiency, but it clearly fails to do so spontaneously. Patient 1 showed marked clinical and radiological response to IFN-α within 2 months of treatment, followed by further improvement over the next year. It is unlikely that this effect was caused by the change of azithromycin for clarithromycin in her antimycobacterial regimen. Interestingly, after 2 years on IFN-α therapy she developed disseminated M. abscessus infection, suggesting that conventional dose IFN-α was able to control MAC but insufficient to prevent M. abscessus infection. Patient 2 had persistent M. abscessus infection in the lung, blood and liver despite conventional IFN-α therapy. The use of pegylated IFN-α with its different pharmacokinetic and pharmacodynamic properties may have been effective in this condition, as it is in hepatitis B and C [29, 30] . Following introduction of pegylated IFN-α, the patient's liver biopsy and culture showed no mycobacteria and his last set of blood cultures were negative for MAC. Patient 3 had impaired IFN-γ signalling, but had enough residual function that high dose daily IFN-γ led to fever, inflammation and hydrocephalus. We reduced his IFN-γ to every other day, which he tolerated better and then added IFN-α because his extensive multidrug resistant BCG infection persisted despite aggressive antimycobacterial treatment with end organ toxicity. The combination of IFN-α and IFN-γ treatment led to rapid and sustained clinical improvement. Despite persistent infection over many years, patient 4 had significant clinical improvement only following the combination of IFN-α and IFN-γ therapy. Two other patients treated with IFN-α in the setting of IFN-γR deficiency have been previously reported [31] [32] [33] . These patients showed mild transient clinical improvement even though IFN-α therapy was introduced late in the course of severe disseminated disease.
Type I interferons are constitutively produced in a broad range of tissues, are critical mediators of the innate and adaptive immune responses and modulate macrophage function [17, 34] . IL-1 has important pro-inflammatory effects and contributes to host defence. Moreover, macrophage differentiation and release of cytokines, such as TNF-α and GM-CSF, are critical for control and resolution of infection and are induced by mycobacteria. We found that MDM from normals and patients co-stimulated with M. avium and IFN-α (or IFN-γ) showed no downregulation of TNF-α or IL-1 responses.
The clinical impact of IFN-α therapy on these patients and the in vitro data are in sharp contrast to reports of enhanced MTB growth in mice associated with induction of Type I interferons [19, 20, 35] . The use of the potent stimulator of IFN-α production, Poly-IC, led to suppression of IL-1 production in MTB infected mice, arguing against a beneficial effect of IFN-α in mycobacterial control [19, 20] . However, the differences between these studies and our observations include host and pathogen species, as well as the potentially complex nature of the Poly-IC itself. Other studies described enhanced mycobacterial growth with IFN-α administration [36] or enhanced IFN gene signature in patients with active tuberculosis [37, 38] . Some studies have shown increased mycobacterial burden in IFN-α deficient mice [39] , decreased mycobacterial burden in mice treated with IFN-β [40] , and increased chemotaxis of T cells activated by IFN-α and mycobacterial infection [41] . One recent publication showed that IFN-α was unable to up-regulate LPS-induced TNF-α secretion in human MDM and was not associated with in vitro killing of M. smegmatis [42] . The effects of IFNs on macrophage responses will likely be dependent on cell differentiation and activation state. It is feasible to postulate that patients 1 and 2 reported here had some baseline levels of IFN-γ response in vivo, which allowed some effective clinical responses to IFN-α. The beneficial effects of IFN-α treatment may rely on the priming effects that IFN-γ and IFN-α exert on each other in mutual responses [26] . Recently, Bogunovic et al. [43] described patients with inherited ISG15 deficiency who had associated mycobacterial disease. ISG15 is induced by IFN-α and activates T and NK cells to more effective production of IFN-γ, a mechanism that could also enhance control of mycobacterial disease in our setting. The investigation of mechanisms by which IFN-α helps these patients to control infection need to be extended to investigate the role of other cytokines and microbicidal assays.
Since mycobacterial species can behave differently in their induction of inflammatory responses as well as their responses to treatment, adjunctive IFN-α therapy may drive different effects depending on the type of mycobacteria and on the patient's clinical condition. Despite the variability of response, IFN-α induces typical IFN-γ responsive genes in vivo and may boost therapeutic anti-mycobacterial effects in patients with NTM infections caused by IFN-γ signaling disorders. The mechanisms, optimal dosing regimen and optimum time to initiate this therapy remain to be determined. 
